Menthol cigarettes account for a significant market share in many countries. However, little recent data exists on menthol levels in cigarettes and in mainstream smoke, limited to some markets or specific cigarette designs, such as cigarettes containing capsules filled with flavoring liquids. Samples of mentholated cigarettes bought worldwide with a variety of cigarette designs were analyzed for menthol content in cigarettes and in cigarette mainstream smoke with two analytical machine smoking regimes. A wide range of menthol content in cigarettes, from 1 to 22 mg/cigarette, was observed. The transfer of menthol to the cigarette mainstream smoke was generally slightly higher than the transfer of nicotine, with a range of 17%-40% using an intense smoking regime and 1%-17% using the ISO smoking regime. For the Tobacco Heating System (THS) 2.2, the menthol content was 12.8 mg/stick, and the transfer of menthol into the aerosol was about 17% with the ISO intense smoking regime, similar to the transfer of nicotine. The menthol content of the novel product THS 2.2 corresponds to the midpoint of the menthol content range of cigarettes, and the transfer of menthol to its aerosol is in the low range of cigarette menthol transfer.
Introduction
Menthol is widely used as a flavoring agent in cigarettes. For example, mentholated cigarettes represent a large market share in the United States, the Philippines, South Korea, Hong Kong, and Finland, with (for example) an estimated proportion of 39% of mentholated cigarettes use among past-30 day smokers in the United States in 2012-2014 (Villanti et al., 2016) . One specific category of mentholated cigarettes containing capsules filled with menthol in their filter became popular and represent a growing market share in some countries, such as South Korea, Chile, and Mexico (Kim et al., 2018; Talhout et al., 2018; Thrasher et al., 2016; Emond et al., 2018) .
Menthol is the subject of debate among regulators, for instance in the EU, where mentholated cigarettes will be banned as of 2020 (European Union, 2014) , or in United States, where the U.S. Food and Drug Administration recently launched an advance notice of proposed rulemaking related to the limitation of tobacco products with flavors (FDA, 2018) . Menthol has been suggested to facilitate initiation of and/ or discourage quitting cigarette smoking (Foulds et al., 2010; Ha et al., 2015; Nonnemaker et al., 2013; Sulsky et al., 2014; Villanti et al., 2017; Wickham, 2015) , although this has been debated (Keeler et al., 2017; Klus et al., 2012; Sanders et al., 2017; TPSAC, 2011) . In fact, recent results from a meta-analysis suggested that the observed differences in initiation and/or quitting rate are likely explained by differences in socio-economic status of the smokers (Sanders et al., 2017) . The addition of menthol to cigarettes does not increase the amount of harmful and potentially harmful constituents (Dolka et al., 2013; Werley et al., 2007; Bodnar et al., 2012) , the in vitro cytotoxicity (Roemer et al., 2002 , or the in vivo inhalation toxicity profile (Gaworski et al., 1997; Schramke et al., 2014) of cigarette mainstream smoke.
Menthol can be added to cigarettes or Tobacco Heating System (THS) 2.2 tobacco sticks in a variety of manners, and due to its volatility during the storage of mentholated products, menthol equilibrates between tobacco, filter, and paper and partly permeates through the pack (Miyauchi et al., 2009) . It has been estimated that the addition of menthol of about 0.1-0.2% provides a slight menthol effect, while a stronger note is achieved with levels of about 0.25-0.4% (Heck, 2010) . A sensory experiment conducted with a panel of nonsmoking volunteers concluded that the sensory difference threshold was at about 1.8 mg/g (0.18%) of menthol in cigarettes (Krusemann et al., 2017) , corresponding well with the estimation provided above. Tests performed (Ashley et al., 2012) with cigarettes with increased menthol loadings on regular and occasional smokers of mentholated cigarettes showed different effects: While the intensity of the sensory perceptions linked to menthol (menthol taste, cooling effect) were associated with the level of menthol loading in one population (Japanese smokers), the effect was not always significant in the other population (Polish smokers). The sensory perceptions linked to menthol (Menthol taste, cooling effect) were however already perceived at the lowest loading, https://doi.org/10.1016/j.yrtph.2018.11.004 Received 13 August 2018; Received in revised form 11 October 2018; Accepted 12 November 2018 corresponding to an ISO menthol mainstream smoke delivery of 0.05-0.16 mg/cigarette, depending on the cigarette type.
Even though menthol is widely used, there is relatively little recent data related to the amount of menthol in cigarettes and in mainstream cigarette smoke. Results are available for the menthol content in cigarettes commercialized in the United States (Ai et al., 2016 (Ai et al., , 2018 Celebucki et al., 2005; Kreslake et al., 2008) and in capsule-containing products in South Korea (Kim et al., 2018) . However, no data is available for the cigarette mainstream smoke in these products. The transfer of menthol from cigarette to mainstream smoke using the International Organization for Standardization (ISO) smoking regime (ISO, 2000a, b) has been estimated in a review article (Heck, 2010) to vary between 3% and 18%, in function of the filter ventilation degree, on the basis of data obtained more than 20 years ago. A transfer of 30% was measured in prototypes prepared according to a custom mentholation process of commercially available non-mentholated cigarettes (MacGregor et al., 2014) . No values have been published regarding the transfer of menthol with the use of the ISO intense machine-puffing regime (ISO, 2017) , with the exception of commercial mentholated cigarettes in Canada for which an average amount of 0.98 ± 0.3 mg of menthol/cigarette was measured (Patel et al., 2017) .
The purpose of our work is to provide data for menthol in cigarettes and its transfer to cigarette mainstream smoke using both ISO (ISO, 2000a) -to be able to compare with previously published data, and ISO intense (ISO, 2017) smoking regimes on a range of menthol-containing commercial cigarettes from different markets. We also compare the results with a mentholated version of THS 2.2, using only the intense smoking regime, which has been widely used for heated tobacco products and which is closer to the puff volume and puff duration observed in recent topography studies performed with two commercial heated tobacco products (Gee et al., 2018; Haziza et al., 2016) .
Materials and methods

Commercial cigarette samples
Samples of commercial cigarette products were purchased between November and December 2017 at the point of sale. Products were selected in order to cover different manufacturers, different markets worldwide (Argentina, Finland, France, Hong Kong, Japan, South Korea, Mexico, the Philippines, Poland, and Russia), and a range of cigarette "tar" levels as obtained using the ISO (ISO, 2000a, b) analytical smoking machine regime.
Analyses of cigarettes
The analyses of menthol in cut filler or in mainstream smoke were conducted by PT HM Sampoerna Tbk. Scientific Technical Services Laboratories, in Indonesia, according to internal methods.
Menthol determination in cigarette mainstream smoke
Both ISO (ISO, 2000a, b) and ISO intense (ISO, 2017) smoking regimes were used. The smoking procedure followed the procedure described in ISO 4387 (ISO, 2000b) , with the exceptions provided in Annex A of the standard related to the determination of menthol in cigarettes smoke condensates (ISO, 2012) to avoid menthol evaporation. Cigarette mainstream smoke was generated on a rotary RM200A Borgwaldt analytical smoking machine and collected on a 92 mm Cambridge filter pad. The capsule-containing cigarettes were smoked with the capsules crushed. The determination of menthol was performed according to the relevant ISO standard (ISO, 2012).
Menthol determination in cigarettes
The determination of menthol in cigarettes was performed in two parts: menthol in the cigarette rod and menthol in the filter rod, with capsules crushed immediately before the extraction for capsules containing products. In both cases, the samples were extracted with methanol containing 1, 3-butanediol as an internal standard. Menthol was quantified by GC-FID using a polar (Carbowax) GC capillary column.
Nicotine in cigarette mainstream smoke
Both ISO (ISO, 2000a, b) and ISO intense (ISO, 2017) smoking regimes were used. The determination of nicotine was performed according to the relevant ISO standard (ISO, 2013).
Analyses of THS 2.2
Analysis of menthol in THS 2.2 in consumables and mainstream smoke were performed by PMI laboratories in Neuchâtel, Switzerland, according to internal methods, as described below.
Menthol in THS 2.2 consumables was analyzed by GC-FID, after extraction in methanol, containing 1,3-butanediol as an internal standard.
Aerosol samples were generated on a 20 port linear analytical smoking machine. The mainstream aerosol was collected on a 44 mm Cambridge filter pad using the ISO intense (ISO, 2017) . The exceptions provided in Annex A of the standard ISO 13110 related to the determination of menthol in cigarettes smoke condensates (ISO, 2012) were followed to avoid menthol evaporation. The generation and collection of THS 2.2 aerosol necessitated special adaptations, as previously described (Jaccard et al., 2017) . Menthol was extracted from the filter pad with isopropanol containing ethanol as an internal standard. The extract was analyzed by GC-FID using a capillary column of intermediate polarity . Note: For PREMIER a predecessor of today's heated tobacco products, it was reported that there was need to add a second Cambridge filter pad during the analytical smoking process to have a quantitative trapping of menthol, with about 80% of menthol trapped on one single Cambridge filter pad (Borgerding, 1993) . Similar issues were reported for the menthol analysis in the aerosol of e-cigarettes (Sharifi et al., 2016) . We did not observe such an issue with THS2.2.
Results
Commercial cigarettes
The results obtained for 33 commercial cigarette brands are provided in Table 1 .
The amount of menthol in the cigarettes (including the amount of menthol in the capsules) varies between 1.17 and 21.6 mg/cigarette. The range is in line with what was measured a) for commercial cigarettes in the United States sampled in 2013-2014 (Ai et al., 2016 ) with a reported range of 2.9-19.6 mg/cigarette, b) for capsule-containing commercial cigarettes from South Korea (Kim et al., 2018 ) with a reported range of 2.63-22.7 mg/cigarette. However, the range is higher than what was observed in samplings of U.S. commercial cigarettes performed in 2002 -2003 (Celebucki et al., 2005 , with a reported range of 1.60-4.27 mg/cigarette, or in 2007 (Kreslake et al., 2008) , with a range of about 2-5 mg/cigarette.
The amount of menthol in the mainstream smoke using the ISO (ISO, 2000a, b) smoking regime varies between 0.12 and 1.51 mg/cigarette, with a transfer rate from the cigarette between 0.7% and 17.2%. The range is broader than what was observed for commercial menthol cigarettes sampled in 2007, with a range of 0.27-0.65 mg/ cigarette (Kreslake et al., 2008) . The latter sampling was also covering a narrower range in terms of menthol content in cigarettes, as mentioned in the previous paragraph. The absolute amount of menthol in cigarette smoke, as well as the transfer rate from cigarette to mainstream smoke, are the result of the amount of menthol in the cigarette and the cigarette design. Highly ventilated cigarettes delivering low "tar" will also have a lower transfer of menthol (Heck, 2010; Klus et al., 2012) . This is illustrated in Fig. 1 , which shows a strong tendency for percentage of menthol transfer to correlate with the ISO "tar" level.
The amount of menthol in the mainstream smoke using the ISO intense (ISO, 2017) smoking regime varies between 0.44 and 4.81 mg/ cigarette, with a transfer rate from the cigarette between 17.2% and 38.6%. The observed amounts are all above the levels for which the sensory perceptions associated with menthol were perceived by regular and occasional mentholated cigarettes smokers (Ashley et al., 2012) . The higher absolute values and transfer rates observed for the ISO intense smoking regime are due to a) the higher amount of tobacco burned with the ISO intense smoking regime, b) the blocking of the ventilation holes, and c) the lower filtration efficiency generally (ISO, 2017) . Brands in bold are capsule-containing products. The amount provided in the column menthol in cigarettes is the sum of the menthol in the filer rod and the cigarette rod. G. Jaccard et al. Regulatory Toxicology and Pharmacology 101 (2019) 48-52 observed with ISO intense smoking regime (Caraway et al., 2017; Wen et al., 2014) . The increase of menthol transfer observed between the ISO intense and ISO smoking regimes is generally aligned with the increase in transfer rates observed for nicotine, as expressed in the two right columns of Table 1 , when comparing the ratios of yields in mainstream smoke (ISO intense smoking yields against ISO smoking yields) for nicotine and menthol. There are some exceptions, such as the brand Kor 1, a highly ventilated cigarette with a capsule containing menthol in the filter, where the ratio observed for nicotine is much higher than the ratio observed for menthol (15.1% and 5.4%, respectively). It should be noted that the amount of nicotine in such a product is close to the limit of quantification in mainstream smoke and can therefore lead to a higher uncertainty in the results. The transfer rates observed for menthol are somewhat higher than the transfer rates of nicotine observed with both regimes in larger samplings of commercial cigarettes and are possibly due to a combination of a) the lower boiling point of menthol (212°C (Heck, 2010) ) as compared with nicotine (247°C), which should play a minor role, because the temperature observed during the combustion process is much higher; b) the fact that menthol is distributed in the tobacco rod and the filter (including in the capsule for some products), while nicotine is essentially present in the tobacco rod; and c) different filtration efficiency for menthol and nicotine. However, one can exclude the impact of a partial pyro-degradation for both compounds, because they both remain essentially intact during the pyrolysis/combustion process and transfer by distillation in cigarette mainstream smoke, according to pyrolysis or denuder (Baker and Bishop, 2004; Czégény et al., 2016; Lipowicz and Piadé, 2004; Purkis et al., 2011) and labeled menthol (Klus et al., 2012) studies.
THS 2.2
The amount of menthol in THS 2.2 mentholated version aerosol is in the lower range of amounts observed for commercial mentholated cigarettes using the same analytical smoking regime ( Table 2 ). The transfer rate is also in the lower range. It is very close to the transfer observed for nicotine in THS 2.2.
Conclusions
To our knowledge, our study is the first publication to include menthol levels in cigarettes and in mainstream smoke, using both ISO and ISO intense smoking regimes, for a worldwide sampling of commercial cigarettes.
The menthol levels in the worldwide commercial mentholated cigarettes were between 1.17 and 21.6 mg/cigarette, with a number of cigarettes above the level of 2.9-7.2 mg/cigarette obtained by Ai (Ai et al., 2016) for U.S. products after they excluded three brands with higher menthol content. The range of menthol levels is, however, in line with the range obtained by Ai (Ai et al., 2016) after inclusion of the three U.S. mentholated cigarettes with the highest amount (10.4, 14.1, and 19.6 mg/cigarette) or with the results obtained for capsule-containing cigarettes commercialized in Korea (Kim et al., 2018) . Contrary to Ai (Ai et al., 2016) , however, we do not observe that the menthol level added to the cigarettes increases for the products with a lower yield of nicotine using the ISO smoking regime. We do not observe an inverse correlation of the levels of menthol in cigarettes against the ISO nicotine levels in mainstream smoke. The variation of menthol levels in cigarettes is more a reflection of the taste preferences of consumers, from low menthol to high menthol.
The transfer of menthol from cigarette to the mainstream smoke using the ISO smoking regime (ISO, 2000a, b) covers a rather wide range, from 0.7% to 17.2%. There is a clear relation to the ISO "tar" level, but this is not the only factor driving the menthol transfer. Apparently, there is no impact of having menthol in a capsule or added in another manner to the cigarette for the menthol transfer from cigarette to smoke, as observed in Fig. 1 , comparing data from the capsulecontaining cigarettes and the other cigarettes. This is also confirmed by the results obtained by Dolka et al. (2013) for prototypes with menthol both in capsules and in the other parts of the cigarette. Using the results obtained for the prototype 102P (a prototype containing menthol both in a capsule and in other parts of the cigarette) in the latter work, the calculated transfer rate of menthol under the ISO smoking regime was 7.5% for the prototype smoked with an uncrushed capsule (with no menthol release from the capsule) and 8.5% for the prototype smoked with a crushed capsule (contribution of both menthol in the capsule and menthol in the other components of the cigarette).
The transfer of menthol from cigarette to mainstream smoke using the ISO intense smoking regime (ISO, 2017) is, as expected, higher than with the ISO smoking regime due to the higher amount of tobacco burned during the smoking process and the blocking of ventilation. Under these conditions, there is no relationship between the ISO "tar" level and the menthol transfer rate, contrary to what is observed for the results obtained with the ISO smoking regime. The transfer of menthol is somewhat higher than the transfer of nicotine and is most likely due to a combination of the lower boiling point of menthol, differences in filtration, and the fact that menthol is distributed in the whole cigarette, while nicotine is essentially present in the tobacco rod.
For the mentholated version of THS 2.2, the transfer of menthol is very similar to the transfer of nicotine (about 17% under the HCI machine-puffing regime). The menthol content per stick corresponds to the midpoint of the range of menthol content in cigarettes. At the same time, the transfer of menthol to the aerosol is in the lower range of transfer when compared with cigarettes. The amount of menthol is sufficient to be perceived by consumers of mentholated THS 2.2. A transfer rate higher than that of nicotine in THS 2.2 would be expected due to the lower boiling point of menthol. The obtained lower value is likely due to a combination of a) different filtration of nicotine and menthol and b) different concentrations of menthol and nicotine in the components of THS 2.2 consumable, which are not all submitted to the same temperature, resulting in different transfer rates from the different components.
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